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ABSTRACT 
Sonic treatment of mitochondria from beef heart results in a distribution of variously sized 
particles which can be fractionated by differential centrifugation. Electron microscopic ob- 
servations of negatively stained fractions shows the presence of subunits, which  are "knob- 
like" in appearance, attached to the mitochondrial membrane and  membrane derivatives. 
Such subunits are not completely removed from the membrane by 5 minutes of sonic treat- 
ment. However, a  fraction containing singular subunits of dimensions similar to those of 
units attached to the mitochondrial membrane has been observed. Enzymatic activities and 
cytochrome contents were determined for mitochondria and the fractionated, mitochondrial 
membrane derivatives. A  concentration of enzyme activity and cytochrome content was 
found in fractions sedimented at 35,300 g and 79,420 g  via differential centrifugation in 2x 
distilled water. The fraction with the highest enzymatic activities and cytochrome content, 
although rich  in mitochondrial membrane derivatives,  is  deficient in membrane-bound 
subunits. The fraction with the lowest enzymatic activities and cytochrome content resem- 
bles detached mitochondrial subunits when examined in the electron microscope. The bio- 
chemical data and the electron microscopic observations suggest  that the mitochondrial 
membrane and not the subunits are responsible for electron transport activity. 
INTRODUCTION 
Descriptions of the structure of the mitochondrial 
system,  from  different  cell  typcs,  have  demon- 
strated  repeating,  structural  subunits associated 
with  the  periphery  of the  cristae  and  the  mito- 
chondrial  membrane  surface  facing  the  matrix 
(4, 6-10,  12). Such subunits have been visualized 
with the negative stain technique. The subunit has 
been estimated to be 80 to  100 A  in diameter and 
rests on a stem which projects from the surface  of 
the membrane. 
A  purified  mitochondrial fraction,  containing 
particles of the same size as the structural subunits, 
has been found to contain the components of the 
electron  transport  system  (6-8).  According  to 
Green  et  el.  (8),  the  available biochemical  and 
biophysical evidence supports  the  view  that  the 
isolated  particle is  essentially identical  with  the 
repeating unit previously observed in the  intact 
mitochondria.  The  term  "elementary  particle" 
(EP)  has been used to describe  this unit by Fer- 
n~ndez-Morfin (4) and Green et al.  (8), since they 
regard  it  as  the  ultimate unit of  mitochondrial 
membrane function. The work reported  here was 
initiated to determine the effect  of physical treat- 
ment  upon  mitochondrial  membrane  structure 
and to correlate structural observations with  the 
capacity of the  intact and  also  sonically treated 
mitochondrial membrane to carry out its primary 
function of electron transport. 
49 MATERIALS  AND  METHODS 
F,raetionation Procedures 
The fractionation procedures for mitochondria and 
mitochondrial  membrane  derivatives  are  described 
below  and  the  various  fractions  are  referred  to  as 
Fraction  1,  Fraction 2, etc.  (Fig.  1). 
The method of preparation employed for the iso- 
lation  of  beef  heart  mitochondria  was  essentially 
that of Crane et al.  (3). The protein concentration of 
such  mitochondrial  preparations  was  kept  at  ap- 
oscillation. Water-washed mitochondria were brought 
to  a  known  volume  in  2x  distilled water,  homoge- 
nized,  and  placed  in  the  cup  of a  Model  DF  101 
Raytheon  10 Kc Sonic Oscillator. An output current 
of about  I. 1 to 1.25 amperes, utilizing full power and 
maximum  "frying  noise,"  was  used,  The  resulting 
total  sonicate,  after  5  minutes  of treatment,  is  re- 
ferred to  as Fraction  3. 
The  suspension of sonically treated  mitochondria 
was  centrifuged  in  a  refrigerated  Servall  centrifuge 
for  1 hour  at  17,300  g.  The  supernatant  was  saved 
for  further  fractionation,  while  the  residue  was 
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FIGUR]~ 1  Schematic procedure  for  the 
isolation and fractionation  of mitochon- 
dria from beef heart. 
proximately  40  mg/ml  as  measured  by  the  Biuret 
reaction  (5).  The  original  mitochondrial  fraction, 
isolated in 0.25 M sucrose, is referred to as Fraction 1. 
Beef heart mitochondria suspended in cold 0.25  M 
sucrose  were  centrifuged  in  a  refrigerated  Servall 
centrifuge  (head  SS-1)  at  0°C  for  15  minutes  at 
17,300 g.  The supernatant  liquid was decanted and 
saved. 
The residue was taken up in 2x distilled water and 
resuspended.  The  suspension  was  then  centrifuged 
at the same time and speed as the previous centrifuga- 
tion. The washing procedure was repeated once again. 
The  resulting  residue  consisted  of  water-washed 
mitochondria and was designated Fraction 2. 
Water-washed mitochondria from Fraction 2  con- 
stituted the starting material for treatment with sonic 
washed by resuspending it in cold 2x distilled water 
and  repeating  the  previous  centrifugation  for  30 
minutes.  The  water-washed  residue  of  sonicated 
mitochondria,  centrifuged  at  17,300  g,  represents 
Fraction 4. 
The  supernatant  liquid  from  the  previous  een- 
trifugation  was  then  centrifuged  at  35,300  g  in  a 
Spinco  Model  L  centrifuge  (head  No.  30)  for  30 
minutes.  The  resulting  supernatant  liquid  was  de- 
canted  and  saved  for  further  fractionation.  The 
residue represents Fraction 5. 
Fraction 6 is the residue resulting from centrifuga- 
tion of the above supernatant  at 79,420 g  for  1 hour 
(Spinco  Model  L,  head  No.  30).  The  supernatant 
liquid obtained after centrifugation  at  79,420  g  was 
centrifuged further at  105,000 g in a  Spinco Model L 
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resulting  from  this  centrifugation  is  referred  to  as 
Fraction 7 and the supernatant constitutes Fraction 8. 
All  fractionation  procedures  were  carried  out  at 
reduced  temperature and the isolated fractions were 
resuspended in  a  known volume of cold  2x distilled 
water for biochemical and electron microscope analy- 
sis.  Protein  was  determined  by  the  Biuret  reaction 
(5). 
The enzymatic assays employed were  for  the esti- 
mation of succinic oxidase,  tetrachlorohydroquinone 
(TCHQ-oxidase)  and  cytochrome  oxidase  activities. 
The  term  "succinate  oxidase  system"  (or  chain) 
denotes a  multienzyme preparation  containing all of 
the components necessary to link it to 02  (11),  while 
the TCHQ-oxidase refers to  the terminal  oxidase of 
beef heart mitochondria, capable of oxidizing reduced 
tetrachlorohydroquinone  in  the  presence  of  prota- 
TABLE  I 
Enzymatic Activity and  Cytochrome Content  of Mitochondria  and Mitochondrial 
Fractions from Beef Heart* 
Activity:~ 
Suceinoxidase  TCHQ Oxidase H 
With  Without  With  Without  Cytochrome  Cytochrome 
Fraction  Treatment  Description  cyt. c  cyt. c  protamine  protamine  oxidase  oz content§ 
l  None  Untreated  mitochon-  0.37  0.17  0.31  0.13  0.42  0.53 
dria 
2  Washed  Washed  mitochon-  0.31  0.14  0.47  0.14  0.52  0.55 
dria 
3  5-minute  Total  sonicate  0.28  0.18  0.39  0.19  0.44  0.32 
sonicate 
4  "  17,300 g  residue  0.19  0.11  0.25  0.14  0.63  0.45 
5  "  35,300 g  residue  0.40  0.32  0.66  0.49  0.66  0.81 
6  "  79,420 g  residue  0.34  0.31  0.61  0.31  0.81  0.72 
7  "  105,000 g  residue  0.10  0.04  0.11  0.06  0.26  0.25 
8  "  105,000  g  superna-  0.0  0.0  0.0  0.0  0.0  0.0 
rant 
* Recovery based on the total  sonicated material is as follows : Protein 82 per cent, TCHQ-oxidase  with- 
out  protamine  69  per  cent,  succinoxidase with  cytochrome c  57  per  cent  and  cytochrome  oxidase  107 
per  cent. 
/~O2/mg  prot./min.  (determined  polarographieally). 
§ O.D.  units/mg protein  at 603 m#. 
II  TCHQ  Oxidase  (tetrachlorohydroquinone  oxidase). 
Determination of Enzymatic Activity 
Measurements  of oxygen  in  solution  were  made 
employing an oscillating platinum cathode.  The ap- 
paratus  used  in  this  study was  a  recording  oxygen 
cathode  (Giison  Medical  Electronics  Oxygraph, 
Model K).  Recordings were taken at 38°C at operat- 
ing conditions of 0.6 volts and a  zero supression of 2.5 
at  a  recording  rate  of I  mm  per  second.  Enzymatic 
activity was expressed as izMO2/min/mg protein. Oxy- 
gen in solution was determined to  be 0.24 ~MOJml. 
mine and in the absence of cytochrome c. Cytochrome 
oxidase  refers  to  the  terminal  oxidase  capable  of 
oxidizing reduced  cytochrome  c. 
Succinate  oxidation  was  measured  polarographi- 
cally at  38°C.  The complete system contained 60  #M 
sodium  suecinate  (pH  6.6),  60  /~M  potassium  phos- 
phate buffer (pH  7.0),  and approximately  1 to  3  mg 
of mitochondrial protein.  The addition of 1 per cent 
cytochrome  c,  to  a  final  concentration  of 0.05  /~M, 
was optional.  The final reaction volume was 2.0 ml. 
J.  T.  STASNY AND  F.  L.  CRANE  Effect of Sonic Oscillation on Mitochondria  51 FmunE 2  Negatively stained beef heart mitochondria isolated in 0.25 M sucrose showing a  membranous 
envelope surrounding the main mitochondrial body  (Fraction  1).  Characteristic subunits are not visible 
except in cases where membranous derivatives have been  removed from the mitochondrion proper.  )< 
9~,000. 
52  THE  JOURNAL OF  CELL  BIOLOGY • VOLUMB ~,  1964 FIGURE 3  Swollen, water-washed mitoehondrion (Fraction ~) showing internal swelling and rounding-up 
into membranous bodies measuring 150 to ~50 mp in diameter. )<  9~,000. 
Quinone  oxidation  was  also  measured  polaro- 
graphically at 38°C, by recording the rate of oxygen 
uptake from solution. The complete reaction system 
contained 60  pg  ascorbate  (pH  6.6),  60  #M  potas- 
sium phosphate buffer, (pH 7.0), and approximately 
1  to  3  mg  of mitochondrial  protein.  Tetrachloro- 
hydroquinone was added at a concentration of 5 /zM 
per  assay in  0.05  ml of ethanol.  The  addition of i 
J.  T.  STAS~V ~ND  F.  L.  CRANE  Effect of Sonic Oscillation on Mitochondria  53 ~IGURE 4  Sonically derived membrane derivatives from beef heart mitochondria (Fraction 8). The frag- 
ments range in size from 50 to 300 m# and demonstrate discontinuous arrays of membrane-bound sub- 
units surrounding their periphery. It appears that the whole surface of the large fragments contains 
these units, not only the periphery. X  9~,000. 
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3  X  l0  -5 M was optional. The final reaction volume 
was 2.0 ml. 
Oxidation  of  cytochrome  c  was  also  measured 
polarographically  at  38°C.  The  complete  reaction 
system contained 60/~M  potassium phosphate buffer 
(pH  7.0),  60 p~t  ascorbate, 0.3  ~M EDTA,  0.05  /zM 
cytochrome e,  and approximately 1 to 3 mg of mito- 
chondrial  protein.  The  final  reaction  volume  was 
2.0 m]. 
Absorption  spectra  were  determined  using  the 
Beckman  DK-2  recording spectrophotometer. Esti- 
mations of cytochromes a,  b, and cq- cl of the various 
mitochondrial fractions were made by the method of 
specimens  negatively  stained  in  2  per  cent  phos- 
photungstate  (PTA)  were printed directly from the 
original negative. 
Observations of mitochondrial fractions, prepared 
for  electron microscopy by  negative  staining  tech- 
niques,  were  made  from  either  200-  or  300-mesh 
copper specimen screens. The  screens were covered 
with  a  2  per  cent  collodion supporting membrane 
and coated with carbon. 
PTA-embedded  specimens  were  prepared  by 
suspending the sample in 2x distilled water and mix- 
ing with an equal volume of 2 per cent aqueous solu- 
tion of phosphotungstlc acid,  previously adjusted to 
pH 7.0 with 1 N KOH. The mixture was placed onto 
Fmunn 5  Enlargement of 50-m/z membrane fragment with attached bodies or subunits projecting on 
stems from the periphery of the fragment and measuring about 90 A in diameter. Some of the subunits 
have been removed from  this membrane during  sonic treatment.  X  410,000. 
difference spectra (1)  using sodium dithionite as the 
reducing agent. For cytochrome a,  the height of the 
reduced peak  at  603  m/z  was  measured  as  optical 
density units and cytochrome content was calculated 
in  terms  of O.D.  units/rag  of protein  at  603  m/~ 
(Table I). The concentrations of cytochromes b and 
c +  cl, at their respective wavelengths, were similarly 
determined. 
Electron  Microscopy 
Micrographs were taken at an original magnifica- 
tion of 23,000  employing a Hitachi HU-11A electron 
microscope  with  a  double  condenser  lens  system 
operating at 75 kv and with a 30 p objective aperture. 
The micrographs were recorded on Kodak  31/~ x  4 
contrast plates and developed with Kodak D-19 de- 
veloper. Enlargements of micrographs were made via 
an  Omega,  Type  DII  enlarger.  Micrographs  of 
specimen supports using a  platinum wire loop.  The 
loop  (4  mm  diameter)  containing the  specimen in 
suspension was placed over  and  onto  the specimen 
support lying on Whatman No.  1 filter paper. 
RESULTS  AND  DISCUSSION 
Freshly  isolated  mitochondria  and  membrane 
fractions derived from mitochondria by sonic treat- 
ment  for  5  minutes,  in  2x  distilled  water,  were 
examined by  biochemical and  physical methods. 
The  enzymatic activities and  cytochrome con- 
tent  of  untreated  mitochondria,  water-washed, 
sonically  treated  mitochondria  and  subsequent 
mitochondrial fractions are shown in Table I. 
The biochemical evidence demonstrates a  con- 
centration  of both  enzymatic  activity  and  cyto- 
chrome content in certain mitochondrial fractions 
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components  was  consistently  demonstrated  to  be 
present in Fractions 5 and  6 collected at 35,300 g 
and  79,420 g, respectively, by differential centrifu- 
gation in 2x distilled water.  A  reduction  of enzy- 
matic  activity  and  cytochrome  content  in  Frac- 
tions  7  and  8  was equally consistent.  Fractions  7 
and  8  are  the  residue  and  supernatant,  respec- 
tively, obtained by centrifugation at  105,000 g for 
3 hours. 
Regardless  of  the  enzymatic  assay  conditions 
used (ie.  in the succinoxidase assay, with or without 
added  cytochrome c; in the TCHQ-oxidase assay, 
with or without protamine; and in the cytochrome 
oxidase assay, with added cytochrome c), both the 
35,300  g  residue  (Fraction  5)  and  the  79,420  g 
residue  (Fraction  6)  show  an increase in  enzyme 
activity over that of the total sonicate (Fraction 3). 
Also, a  definite decrease in enzymatic activity can 
be seen when comparing the 105,000 g residue and 
supernatant  (Fractions  7 and 8, respectively) with 
the most active Fractions 5 and 6. A corresponding 
trend is followed when comparing the cytochrome 
content of the various fractions. 
The electron microscope observations of freshly 
prepared  mitochondria  and  subsequent  mito- 
chondrial  fractions  demonstrate  characteristic 
structures  that  can  be  correlated  with  the  corre- 
sponding enzymatic activity and cytochrome con- 
tent. 
Observations made on mitochondria isolated in 
0.25  M sucrose  demonstrate  an  outer  membrane 
surrounding  the main mitochondrial  body,  when 
negatively  stained  with  PTA  (Fig.  2).  Negative 
staining also revealed an inner membranous struc- 
ture, which can be interpreted as sheets of cristae, 
seen  from  a  side  view.  The  subunits  which  are 
known to be attached to the cristae are not readily 
seen  in  this  preparation.  Failure  to  observe  the 
subunits in this mitochondrial preparation may be 
due to the presence of the outer membrane which 
obscures  their  appearance.  Also,  the  cristae  may 
not always be observed in a flat plane, but become 
entangled, thus altering the geometry of the cristae 
and  the  appearance  of the  subunits.  As  seen  in 
Fig.  2,  some cristae  or  fragments  of cristae,  pre- 
viously  removed  from  the  mitochondrion,  show 
subunits  projecting  from  their  membranous  sur- 
face. 
The water-washed mitochondria (Fig. 3) appear 
swollen and show an internal swelling or rounding- 
up  into  membranous  bodies.  The  round  bodies 
within the mitochondrion measure approximately 
150  to 250 m/~ in diameter. 
Sonic treatment of water-washed mitochondria, 
for 5 minutes, results in a distribution of membrane 
fragments  ranging  in  size  from  50  to  300  m#. 
This  fraction  is  referred  to  as  Fraction  3  and  is 
illustrated  in  Fig.  4.  The  negatively  stained 
membrane  fragments  show  the  presence  of sub- 
units, each subunit being supported on a  stem and 
projecting  from  the  periphery  of the  membrane. 
It appears that the whole surface of the membrane 
fragments contains  such units,  not  only the  peri- 
phery where  they  are most apparent.  The larger 
membranous  fragments  seen in the total  sonicate 
resemble  the  swellings  of  the  cristae  referred  to 
previously  in  the  description  of  water-washed 
mitochondria  (Fig.  3).  It  is  possible  that  the 
swollen cristae  may be pinched  off and  liberated 
after sonic treatment and  that,  during the process 
of  sonication,  some  of  the  membrane  fragments 
are  further  disrupted  to  give  the  particle  size 
distribution mentioned above. 
The  smaller  rounded  fragments  in  Fig.  4 
measure  approximately  50  m/~,  excluding  the 
attached  bodies  or  subunits  which  themselves 
measure  about  90  A  in  diameter.  These  50-m/~ 
fragments  can  be  seen  to  support  the  attached 
subunits  which  are arranged  around  the  circum- 
ference of the  fragments.  All of the  50-m/z  frag- 
ments  seen  in  Fig.  4  do  not  display  a  complete 
array  of subunits.  Some of the  fragments  do  not 
bear the attached  bodies or subunits,  while others 
contain  only a  discontinuous  pattern  of subunits. 
Apparently,  sonic  treatment  for  5  minutes  is 
capable  of removing  some  of the  subunits  from 
membranous  fragments.  Fig.  5  more  clearly 
illustrates  a  discontinuous  array  of  subunits 
arranged  around  the circumference of the 50-m# 
FIGURES 6  AND 7  Mitoehondrlal  membrane  fragments  (Fraction  4)  after  sonication 
and  subsequent centrifugation at  17,300  g  for 60  minutes. The fragments in Fig. 6  are 
commonly observed  in  this  fraction while fragments of the size shown in Fig. 7 are not 
frequently encountered but illustrate the range of particle  sizes  obtained by sonic treat- 
ment.  )<  92,000. 
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tives represent Fraction 5 and demonstrate the highest enzymatic activity and cytochrome content of 
all fractions examined. This fraction, however, is noticeably deficient with regard to membrane-bound 
subunits. X  92,000. 
58  THE  JOURNAL OF  CELL BIOLOGY • VOLUME ~,  1964 FIGURE 9  Negatively stained membrane fragments following centrifugation at  79,000 g for 1 hour. The 
fragments lack the attached subunits, but otherwise resemble the 50 m# fragments previously observed 
in Fraction 3  (Fig. 4).  X  9~,000. 
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ment  shows  that  it  bears  13  subunits,  but  can 
accomodate  18 subunits around  its circumference. 
Similar  fragments,  relatively  free  of  attached 
subunits,  have  been~ ¢ohcentrated  by  differential 
centrifugation  (Fig.  9).  Centrffugation  at  17,300 
g,  for  60  minutes,  of the  sonically  treated  mito- 
chondria, results in the sedimentation of extremely 
large  fragments  derived  from  the  mitochondrial 
membrane.  These  large  fragments  represent 
Fraction 4  as shown by negative staining in  Figs. 
6  and  7.  Fig.  6  demonstrates  the  appearance  of 
fragment  size and  condition  most  commonly en- 
countered in this fraction.  Although the fragment 
size seen in Fig.  7 is not common to this fraction, 
this figure serves to illustrate the range of particle 
sizes obtained  by sonication of mitochondria  and 
also demonstrates the presence of subunits attached 
to  areas  other  than  along  the  circumference  of 
fragments. 
The succinoxidase and TCHQ-oxidase activities 
of  this  fraction  are  less,  while  the  cytochrome 
oxidase activity is greater  than  the corresponding 
enzyme  activities  in  Fraction  3  (Table  I).  The 
cytochrome  content  of Fraction  4  is  also  greater 
with respect to the total sonicate. 
As  previously  mentioned,  Fractions  5  and  6 
demonstrate a  marked concentration of enzymatic 
activity  and  cytochrome  content.  Fraction  5, 
negatively stained  (Fig. 8), illustrates the sediment 
resulting  during  centrifugation  at  35,300  g.  This 
fraction  is  rich  in  mitoehondrial  membrane 
derivatives  that  measure  approximately  100  mg 
and also  150  to 200 m# in diameter and resemble 
the  swollen,  round  bodies  previously  seen  in 
water-washed  mitochondria  (Fig.  3).  The 
membranes  in Fig.  8  are deficient with respect to 
the  attached  subunits,  as  revealed  by  the  sparse 
arrangement  of subunits  around  the periphery  of 
the fragments. 
Also, in further correlative electron microscopic 
and  biochemical  studies,  resonication  of  the 
35,300  g  residue  in  distilled  water  shows  the 
further  stripping  of  the  mitochondrial  subunits 
from the membrane. Upon isolation of the stripped 
membranes and the subunlt-like material, electron 
transport  activities and cytochrome contents were 
found  to  be  further  increased  in  the  resonicated 
membrane fraction, when compared to the original 
35,300  g  residue.  The corresponding  examination 
of  the  fraction  containing  the  subunit  material 
exhibited  neither  electron  transport  activity  nor 
cytochrome content. 
Fraction  6  represents  the  residue  following the 
centrifugation at 79,420 g for 1 hour. This fraction 
predominantly  shows  a  concentration  of 
membrane  fragments  measuring  about  50  m#  in 
diameter.  These fragments demonstrate  a  definite 
lack of membrane-bound subunits although bodies 
resembling  detached  subunits  can  be  seen in  the 
background  (Fig.  9).  The  50-m/~  fragments  in 
this fraction closely resemble fragments of similar 
dimensions,  previously  observed  in  Fraction  3 
(Fig.  4),  which  display  the  discontinuous  array 
of  attached  subunits.  Examination  of  the  enzy- 
matic  activity  and  cytochrome  content  data 
presented  in Table  I  also demonstrates  a  concen- 
tration  of  enzymatic  activity  and  cytochrome 
content for Fraction 6. 
Correlation of the biochemical data and electron 
microscope observations  suggests  that  the  attach- 
ment  of the  subunits  to  the  membrane  is  not  a 
necessary  requirement  for  maximum  electron 
transport. 
Further  investigation  of the  fractions  obtained 
after differential centrifugation of sonically treated 
mitochondria reveals a  sharp decline in enzymatic 
activity  and  cytochrome  content  in  the  residue 
and supernatant  obtained at  105,000 g. There is a 
4-  to  8-fold  decrease  in  enzyme  activity  and 
FIGURE 10  Residue resulting from centrifugation at 105,000 9 for $ hours  (Fraction 7). 
Singular bodies resembling detached subunits can be seen, along with the clustered, tetrad 
arrangements. This fraction shows low enzymatic activity and cytochrome content when 
compared to Fractions 5 and 6 which are rich in membrane derivatives. )< 9~,000. 
FIGURE 11  Singular bodies,  similar in size and shape to those subunits seen attached to 
the mitochondrial membrane derivatives in Figs. 4 and 5. The stems, however, are not 
readily  observed  in  this  preparation.  X  410,000. 
FIGURE 1~  A  singular  subunit  detached  from  the  mitochondrial  membrane  by  sonic 
treatment  and  demonstrating  an attached  stem.  X  410,000. 
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5,  the  most  active  fracdon.  Cytochromes  b  and 
c  -b q  concentrations decline in Fraction  7 in the 
same manner  as shown for cytochrome a in Table 
I.  Fraction  8  contains  no  detectable  cytochrome 
content or electron transport  activity. 
Electron  micrographs  of  Fraction  7  (Fig.  10) 
illustrate,  at  low  magnification,  loose  bodies 
resembling subunits detached from the membrane 
and appearing  as dense singular bodies.  Enlarged 
singular particles, demonstrated further in Fig.  11, 
resemble  subunits  without  stems.  The  loose par- 
ticles do  not  always  show  the  stem  which  is  the 
characterisdc  means  of  their  attachment  to  the 
membrane.  It is probable  that  some of the stems 
are removed from the subunits during sonic treat- 
ment.  It may also be  possible  that  the  stems are 
positioned  so  that  they  are  not  demonstrated  by 
the  method  of negative  staining.  Occasionally,  a 
subunit  bearing  an  attached  stem  is  observed 
(Fig.  12).  Such subunits are similar in dimensions 
to  those  subunits  previously  observed  to  be 
membrane-bound  (Fig.  5).  The  head  is approxi- 
mately 90 A in diameter and rests on a  stem which 
is 25  to 30 A  wide and  55  to 60 A  long.  The  oc- 
currence of clustered  particulates  are also seen in 
Fraction  7  (Fig.  10).  The most frequent clustered 
arrangement  is  that  of a  tetrad,  although  triads 
and  other  combinations  of particles can  be  seen. 
Each  one  of the  component  particles  of a  tetrad 
is  somewhat  smaller  than  the  particles  which 
appear  alone.  For  this  reason,  it  is  tempting  to 
postulate that perhaps the singular particles which 
resemble  detached  subunits  are  composites  of 
smaller  units  which  in  some  instances  swell  and 
elaborate  the clustered  condition.  The  composite 
particles  in  a  tetrad  arrangement  are  square  in 
shape and measure  145  by  145  A. The individual 
particles within the tetrad  measure from 70 to 75 
A  in diameter. 
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of particles is that the clusters could be composites 
of  detached  subunits.  The  tetrad  arrangement 
when negatively stained may not demonstrate  the 
full diameter of the individual subunits because of 
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that  had  previously  been  stripped  of  inner 
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